The identification of an extrasolar planet as Earth-like will depend on the detection of atmospheric signatures or surface non-uniformities. In this paper we present spatially unresolved flux light curves of Earth for the purpose of studying a prototype extrasolar terrestrial planet. Our monitoring of the photometric variability of earthshine revealed changes of up to 23% per hour in the brightness of Earth's scattered light at around 600 nm, due to the removal of specular reflection from the view of the Moon. This variability is accompanied by reddening of the spectrum, and results from a change in surface properties across the continental boundary between the Indian Ocean and Africa's east coast. Our results based on earthshine monitoring indicate that specular reflection should provide a useful tool in determining the presence of liquid water on extrasolar planets via photometric observations.
-2 -2001). Daily variations are predicted to be greater for a cloud-free Earth (Tinetti et al., 2006) . This variation depends on the changing surface properties and weather conditions on Earth as the planet rotates (Ford et al., 2001) . Large cloud formations are generally tied to surface features but dissipate on the time scale of days, which allows the long term rotational period of Earth to be discernible from folded light curves (Pallé et al., 2008) . Thus, the study of the photometric variability of Earth (for which we have detailed surface knowledge) will be directly relevant to interpreting observations of extrasolar terrestrial planets .
Sunlight scattered by Earth illuminates the side of the Moon facing away from the Sun (known as earthshine) and permits measurement of the spatially unresolved (total) brightness of the Earth. Therefore, earthshine provides a view of Earth that is analogous to observations of an extrasolar planet . A number of authors have observed earthshine for the purposes of climate monitoring and exploration of the possible features of the disk averaged spectrum (Goode et al., 2001; Woolf et al., 2002; Hamdani et al., 2006; Montañés-Rodríguez et al., 2006; Turnbull et al., 2006; Arnold, 2007) ; it is predicted that other important properties may be determined from intra-day photometric variability (Ford et al., 2001; Seager, 2003; Pallé et al., 2008) . Earthshine is dominated by a relatively small region of the hemisphere visible from the Moon due to the viewing angle (Des Marais et al., 2002; Seager et al., 2005; Pallé et al., 2008) .
Fresnel (specular) reflection (at a point determined by the equality of the angles of incidence and reflection) dominates in oceanic regions, which otherwise have a low albedo (Sagan et al., 1993) . However rotation of land (which scatters light diffusively) onto the location of this bright spot interrupts the specular reflection, which leads to a predicted decrease in earthshine flux (Ford et al., 2001; Tinetti et al., 2006; Williams and Gaidos, 2008) . The presence of clouds, which cover an average of around 60% of the surface, increase Earth's albedo, as they dominate the scattered light (Pallé et al., 2008) . However, clouds on Earth are generally tied to surface features and dissipate on the time scale of days (Ford et al., 2001; Pallé et al., 2008) , and therefore, they do not vary greatly in the length of our earthshine observations. Determining the weather conditions and surface features of an extrasolar planet with no prior information is beyond the scope of this paper. (West et al., 2005) . However, the Cassini Titan Radar Mapper flyby in 2006 imaged the surface of the satellite and detected what were determined to be large northern liquid lakes (Stofan et al., 2007) . Titan's environment suggests that the lakes are methane, which replenish the observed abundance in the atmosphere by evaporation (Sotin, 2007) .
In a similar way, the conditions of a suitable Earth-like planet will dictate water based liquid oceans (Williams and Gaidos, 2008) . Spectroscopy of the atmosphere of a planet (for example by TPF) before measurement of a photometric light curve would likely resolve any ambiguities about the composition of large bodies of liquid on a planet's surface. McCullough (2006) recognized the ability of specular reflection by oceans in determining the boundaries of continents on Earth-like extrasolar planets and used physical models to demonstrate the variation in polarization associated with oceans and land. Numerical models of diurnal light curves were consistent with models by Ford et al. (2001) . The benefit of combining polarization and flux observations of an extrasolar planet was also indicated by Stam (2008) . However, the phase angle dependence of specular reflection competes with the need for increased flux for the detection of extrasolar planets. We show that, even when the Earth is illuminated at up to70%, the interruption of specular reflection by the rotation of land into view of the Moon causes a large decrease in earthshine flux, which indicates the presence of liquid water.
Previously, monitoring of earthshine has been performed for climate change studies through the measurement of Earth's Bond albedo, with estimates of 10% variability in albedo during a night of observations that is averaged out in phase correction and data combination Qui et al., 2003) . However, previously published light curves that show variation in albedo are not specifically studied for correlation with continents or liquid water, nor have they been compared to subsequent measurements of the reflectivity of the same region, as is the purpose of this paper (see e.g., Pallé et al., 2003; Montañés-Rodríguez et al., 2007) . Similarly, spectroscopic studies use a single night of observations to quantify the wavelength dependence of Earth's albedo (Montañés-Rodríguez et al., 2005; Arnold, 2007) . Modeling studies of the spectra and light curves of Earth have suggested that cloud cover will decrease the variability of reflectivity (Ford et al., -4 -2001; Tinetti et al., 2006) . However, recent work by Pallé et al. (2008) showed that the 24 hour period of rotation is still discernible from photometric observations due to surface features and the stability of weather systems on Earth. In this paper, we present observations that show variation in earthshine due to the rapidly changing surface properties across the east coast of Africa. Our repeated results allow statistical comparison between observations of the same area with differing weather conditions. The goal of our repeated measurements was to demonstrate experimentally the utility of a telescope such as TPF with respect to characterization of extrasolar planets via photometric monitoring.
Materials and Methods
Through a series of observations of the waxing crescent phase of the Moon in Cousins I and R filters (centered on 600 nm and 800 nm, respectively), we monitored hourly variation in the reflectivity of Earth centered along segments of constant latitude that intercept the continental coast between the southern tip of Africa and the Middle East. For comparison, we also measured a light curve of the Moon as a waning crescent to observe constant specular reflection from the South Pacific Ocean (data set F2). Our observations are summarized in Table 1 Light from the bright crescent flares into view of the charge-coupled device during earthshine exposures. This is particularly evident during large lunar phases and is a known difficulty in the data reduction for earthshine observations due to the telescope optics in imaging the dim earthshine region adjacent to the bright crescent. Previous studies have removed it by subtraction of a linear extrapolation of the background, which decreases radially from the center of the Moon Arnold, 2007) . In this work, we introduced a new technique to remove the scattered light. The scattered light has low spatial curvature when compared to the sharp lunar features (see Figure 1, panel B) . After smoothing all images from a night of observation on a scale that corresponds to the seeing of the worst image (Gaussian across 6 pixels), we take the pixel-to-pixel Laplacian of the earthshine flux in a region with a highly variable surface, such as a crater. In this region, the scattered light is approximated as linearly changing with position. From the fact that the Laplacian has no trend to increase or decrease away from minimal variation about zero in regions of significant scattered light, as well as those with minimal scattered light, we conclude that there is no residual contribution of scattered light to the Laplacian.
On the other hand, features like craters show up as characteristic double horned profiles. The amplitudes of these features are proportional to the earthshine flux. An important advantage of this technique, which is designed specifically for our data analysis, is that it requires no prior knowledge of the distribution of background scattered light and is computationally simple. We base our light curve measurement on the maximum change in the Laplacian within a finite region.
By choosing a finite region (shown as the box in Figure 1 , panels A, B) rather than a point, we allow for error in image alignment. The regions are chosen to be the same for each night of observations, but as different data sets are not quantitatively compared via flux magnitude, an exact measure of the scattered light is not required. This also removes the need to quantify any change between nights in physical scale of the region over which the Laplacian is taken. The earthshine region used in sets C1-C5 and F1 is based on the Grimaldi crater. In set F2 it is based on Mare Crisium.
Results
In Figure 2 For data sets C1-C5, there is variation in the decrease per hour measured due to the differing local cloud cover, the latitude of the central reflection (due to the time of year), and the length of time for which the data is available. Data set C3 does not extend as far west, and hence, specular reflection would not have been totally interrupted. The remaining contribution to reflection by the Indian Ocean at later times will depend on the wave distribution off the coast (Williams and Gaidos, 2008) . For data set C5, large local cloud formations are present over the ocean; this type of cloud cover will diffuse incident sunlight on the ocean and prevent specular reflection.
Discussion
To investigate the light curve trends quantitatively, we used a linear function to parameterize the variation of earthshine intensity with time. This function has the form: I(t) = αt + β, where the parameters α and β correspond to the gradient and intercept of a straight line for the intensity I(t), at time t, The rates of decrease [d(∆I/I(t 0 ))/dt, where ∆I = α(∆t)] for each data set are presented in Table 1 . Uncertainties were determined from the projection of the ellipse for which χ 2 equals the minimum χ 2 plus 1. The data sets C1-C5 exhibit statistically significant decreases in earthshine for observations spanning the African coast. Smaller decreases are detected in sets C3 and C5 owing to oceanic cloud cover and a lack of reflection points centered over continental Africa. The data sets F1 and F2 exhibit small (consistent with zero) decreases in earthshine due to the constant surface characteristics. The short time scale of the observations suggests that the cloud formations in the Moon's line of sight, and their overall contribution to the scattered light, will remain fairly stable. Results are compared within a night of observations; therefore, the weather conditions are most important when local cloud masks specular reflection in some oceanic regions, for example, in set C5. As seen in earthshine observations of the vegetation red However, in future long-term observations of extrasolar planets with evident weather systems, the rotational period may still be discernible by folding light curves (Pallé et al., 2008) . We require more data sets to determine whether there is any dependence of our result on the phase angle of the Moon. We are unable to observe the crescent Earth via earthshine and, therefore, cannot measure the predicted increase in specular reflection due to the grazing angle (Williams and Gaidos, 2008) .
We note that the measured change in earthshine flux is not the result of hourly variations in lunar phase. The intensity of reflected sunlight increases by around 0.15% per hour at the lunar phase of the observations . In addition, the increase in lunar phase angle also corresponds to an increase in path length through the atmosphere, which, for our observations, corresponds to around a 1% per hour decrease in the intensity of earthshine. Thus, the residual decrease in earthshine due to the Earth's phase as seen from the Moon is below 1% during a typical night of observations. In addition to variable flux, our observations indicate associated changes in color, which we interpret as being due to some combination of the vegetation red-edge (Seager et al., 2005; Hamdani et al., 2006) and the increased reflectivity of deserts into the infrared (which reddens the scattered light as it decreases in brightness) (upper sub-panels in Figure 2) . The results of a linear parameterization are presented in Table 1 , where statistically significant reddening of the spectrum is measured for data sets C1, C2, and C4. This effect is not seen in set F2, where the reflecting surface is uniformly ocean. Moreover, there is a strong correlation between the decline in flux and color change for each data set (Figure 3) . Thus, observation of a coast line crossing in reflected light from an extrasolar planet may be characterized not only by a sharp decline of flux, but also by reddening of the reflected spectrum. These ideas are supported by modeling by Stam (2008) , where a cloudless planet shows more variation in the flux and polarization in the near infrared (0.87 µm) than toward the blue (0.44 µm) due to areas of vegetation compared to oceanic regions. For a realistic cloudy Earth model, the effect is decreased, as seen in earthshine -9 -observations of the vegetation red edge (Arnold, 2007) . Further observations of other coast lines and land masses are required to determine whether the reddening of the spectrum is unique to our observations of Africa or whether they may be used in characterizing extrasolar planets as having continents and liquid oceans
Conclusions
The consistent decrease in earthshine flux in repeated observations corresponding to reflection from the African coast supports the idea that photometric variability may be used by future space-based missions to characterize terrestrial extrasolar planets, particularly those that have significant fractions of their surfaces covered by both seas and land masses. For example, surface features could be used to determine the rotational period of Earth-like planets (Pallé et al., 2008) .
We find the observed photometric variability associated with a continental coast crossing to be substantially larger than the measured spectral change due to vegetation's red edge (Arnold, 2007) . In addition, unlike the photometric properties of land and water, the spectral signature of vegetation might not be universal . Finally, variability is measured in broad bands rather than spectra, which makes this terrestrial signature more readily detectable. Further observations of the African coast and other landmasses will help determine the detectability of a coast via the reddening of the spectrum. Determining the phase dependence of the magnitude of the decrease, and more detailed analysis of the effect of weather on Earth's variability, will require more observations. Spectropolarimetric modeling studies have suggested that the combination of photometric flux and polarization will yield the best characterization of surface types, therefore, further earthshine observations are justified (Williams and Gaidos, 2008) .
Our results highlight the importance of considering specular reflection from oceans in the modeling and analysis of light curves from Earth-like extrasolar planets, and suggest that it is a useful tool in determining the presence of liquid water on a planet. Increasingly sophisticated modeling studies of photometric variability (Pallé et al., 2008; Williams and Gaidos, 2008) , which account for the effects of viewing geometry, dynamic weather, and data quality on light curve -10 -characterization (Ford et al., 2001) The maximum peaks correspond to the edge of the Moon. Table 1 : Observational log and results from analysis of a linear fit to light curves. The quantity χ 2 R is the reduced χ 2 value of the fit with scatter around Beer's law. The percentage decrease is the decrease in earthshine intensity per hour for the linear fit. The far right column is the magnitude of the color change.
